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INTRODUCTION

VALVE CHARACTERIZATION

A primary motivation for studying dynamic
behavior of compressor valves is the need to
know the dynamic stress level during operatin g
conditio ns. Such stresses , if sufficie ntly
large, are likely to cause valve fatigue failure
well before the servicea ble lives of other
compressor components are reached. This paper
presents a discussio n of how the finite element
method (Ref. 1) might be applied to the prediction of compressor valve dynamic stress.

In order to determine valve stress under
operating conditio ns, dynamic loading conditio ns
due to the refriger ant pressure must be obtained .
Since this pressure is dependent upon valve motion,
the most expedient method to obtain a solution is
to incorpor ate an analytic al descript ion of valve
motion with a computer simulation of the compressor
cycle. (Refs. 2,3) The instantaneous valve
loading can then be determined from the current
valve position and the future valve position
predicte d. The coupled simulation proceeds in
incremental fashion by the use of time integrat ion
techniqu es.

Flexible valves are commonly used in small
refriger ation compressors for both suction and
discharge function s. The valves are selfactuatin g in that motion is activate d by the
pressure loading under certain boundary (or stop)
constrai nts. Thus, the valve motion is governed
by the inertial and elastic characte ristics of
the valve and is not kinemati cally determinable.
Most flexible valves consist of a thin plate like
structur e of irregula r shape. The stiffnes s and
inertial characte ristics of the valve must be
chosen carefull y if satisfac tory performance is
to be achieved. A valve must be flexible enough
to experience rapid response to pressure
imbalances and yet stiff enough to rapidly return
to seal the flow port and prevent back flow. To
prevent excessive flexure stresses , peak valve
motion is usually limited or restrain ed by the
use of valve stops to provide increased stiffnes s
for large displacements. In addition to suitable
stiffnes s and inertial charact eristics , a valve
must be designed so as to produce minimal flow
resistan ce so as to not degrade overall compressor
performance.
Because of these varied design restrict ions,
flexible valves are usually of an irregula r shape,
and local stress concentr ations pose a real
problem. Classica l stress analysis methods
successful in dealing with regular geometries are
of limited value in these instance s. The finite
element method, however, can treat such irregula r
geometries relative ly easily and in an automated
fashion.
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A convenient way to formulate the anlytica l description of valve response is to assume that the
valve behaves according to Kirchhoff thin plate
theory and to make use to the technique of modal
expansion. (Ref. 4) In this fashion, the valve
motion can be expressed as
n
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Equations of motion now take the form of ordinary ,
time dependent, differen tial equations
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Equation (2) is in a form which can be integrated
in time incremental fashion during the compressor
simulation resulting in numerical solutions of the
ai(t) functions . The dynamic stress values at any
time t may now be evaluated by weighting the modal
stresses for each of the n modes with the corresponding a; value and summing the results.

One of the primary advantages which the method
allows the analyst is the ability to model
structure s of complex or irregular geometry.
This character istic exists because of the almost
arbitrary geometrical descretiz ation permissib le
in finite element usage~ Unlike finite differenc e
methods, the analyst is not constraine d to the use
of rectangul ar or polar coordinat e systems.

The technique of modal expansion can be modified
to include the effect of intermita nt "stop" contact by using different sets of the mode shapes
¢i(x,y) during that portion of the simulation
cycle in which stop contact exists. (Refs 2,3)
This modificat ion can be achieved by incorpora ting
suitable logic checks in the computer simulation
to test for the stop contact conditon. Velocity
distributi ons immediately prior to contact serve
as initial condition s to the integratio n of the
new set of equations .

The finite element method is a computer oriented
method capable of being highly automated. The
structura l effects of geometrical modificat ions
can be easily assessed by making minor data
changes. In addition, the automated graphical
output of stresses, strains, or displacements
greatly facilitate s the interpreta tion of results.
It seems that this structura l analysis method is
ideally suited for the purpose of analyzing
compressor valve behavior.
A finite element computer program has been
written with special emphasis given to the modal
analysis of the geometries similar to those of
most compressor valves. Particula r emphasis has
been given to the importance of accuratel y predicting and plotting dynamic strain and stress
modes in addition to the displacement modes.

The time integratio n procedure for valve response
is independent of how the valve mode shapes are
determined. For an accurate set of mode shapes,
the modal particpati on factors can be determined
to a high degree of accuracy by utilizing sophisticated time integratio n schemes and small time steps.
Thus the accuracy of the dynamic stress results
depends on the number of mode shapes used in the
integratio n and on the accuracy with which the
"stress modes" of these mode shapes are known. It
is easily recogniza ble that small errors in the
mode shapes ¢i(x,y) tend to become large errors
when different iation is performed in computing the
flexure stresses. The accuracy of the dynamic
stress results can degrade substanti ally if the
mode shapes are only slightly inaccurat e.

The program uses a triangula r plate bending
element with three nodal points each of which
possesses six degrees of freedom. (Refs 5,6,&7)
In addition, the side of the element adjacent
to a curved free edge can be modeled as a series
of straight lines or chords rather than the
straight side only. Thus simulation of the
intricate geometries does not require using more
elements than are necessary for accurate strain
prediction .

One technique to circumvent this problem is to
use experimental procedures to determine accurate
valve mode and stress mode shapes. (Ref. 2) In
this fashion, the mode shapes needed for the time
integratio n are measured at selected points
utilizing displacement transduce rs. Instead of
numerical different iation to determine stress
modes, strain gages are employed to make direct
measurements at selected positions on the valve.
This technique , however, requires prior knowledge
or insight as to where large stresses are likely
to occur.

The rate of convergence of modal strain with
respect to the number of elements used and the
benefits gained over using regular triangula r
elements are documented in Ref. 7.
Some typical mesh configura tions used to analyze
suction valves are shown in Figures 1 and 4.
Both models were used to analyze the first several
symmetrical modes; hence the mesh domain of
Figure 1 included only half of the valve geometry
while that of Figure 4 included only one quarter
of the valve geometry.

USE OF THE FINITE ELEMENT METHOD TO FORr-1ULATE VALVE
EQUATIONS OF MOTION

At each nodal point, six finite element degrees of
freedom exist. These consist of the deflectio n,
the two slopes, and the three second partial
derivativ es of deflection : w, wx, wy, Wxx• Wxy•
Wyy- These degrees of freedom are of course
associated with all elements common to a given
node. Within each element, the valve deflection
is assumed to be expressib le as a fifth degree
polynomial in the in-plane coordinat es. By
imposing constrain ts between the polynomial
coefficie nts and the nodal degrees of freedom,
deflection at any point internal to an element is
now expressib le as a unique function of the 18
nodal degrees of freedom associated with that
element.

In recent years, the finite element method has
become an important solution procedure to attack
difficult structura l analysis problems. (Ref. 1)
While many approximate methods for the solution
of structura l analysis problems exist, few have
received such rapid acceptance in the form of
financial commitment and human endeavor as has the
finite element method.
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The infinite number of linearly independent
configurations of the continuum problem has now
been reduced by the descretization process to a
finite number -- six times the number of nodes in
the mesh. Actually, the number is somewhat less
than this after boundary condition constraints are
imposed on some of the nodal degrees of freedom.
All possible displacements of the finite element
model (at nodal points as well as at internal
element points) are now uniquely described by the
nodal degrees of freedom. The practical utility
of this intricate "description method" becomes
apparent with the realization that system energy
expressions (kinetic and potential) are also
expressible in terms of nodal degree of freedom
values. After making use of variational principles
such as Lagrange's equations or the Raleigh-Ritz
method, the equations of motion for the finite
element model become:

[KJ jwl

+

[MJ )wf

(3)

In this expression, [K] represents the stiffness
matrix computed from the finite element strain
energy expression. The mass matrix [M] is computed from the finite element kiJetic energy
expression, and the load vector F(t)( is computed
from the potential energy erp1es ion of the externally applied loading.
w represents the
global degree of freedom vebtbr of nodal displacements.
The eigenvalue formulation for extracting valve
mode shapes and frequencies is simply:
[K]

Jwl - 2
I I - w [M] IlwlI

(4)

After solving equation (4) for the eigenvalues and
eigenvectors of interest, the displacement modes
and modal stresses can be obtained by transforming
from the eigenvectors back to the element polynomial coefficients and, in the case of modal
stresses, by performing suitable differentiation.
EXAMPLES
Finite element eigenvalue formulations using the
technique just discussed have been performed on
several production model suction valves. The
first valve (see Figure 1) is a cantilevered plate
structure. Large bending stresses for the first
mode can be expected in the clamped region since
this is probably where substantial bending takes
place. Stresses should decrease toward the free
end of the valve. These trends are observable
in the plotted output of Figure 2. The plot for
the second mode, Figure 3, clearly shows the
stress effects of curvature reversal between the
clamped support and the zero deflection node line.
Also noticeable in the second mode are some
transverse bending effects.
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Figures 4, 5 and 6 show plotted output from a
formulation of a ring type suction valve. A 90
degree model was used to extract only the symmetrical modes. In the first mode stress plot,
it can be clearly seen that circumferential
bending stresses are much larger than the radial
stress components. This effect tends to decrease
for higher modes as can be seen in Figure 6.
CONCLUSIONS
The difficulties of modeling dynamic structural
behavior of compressor valves can be alleviated
by making use of the finite element method in
conjunction with a compressor simulation model.
One of the main advantages which the finite element method possesses over other techniques is
that intricate valve geometries may be handled
in an automated fashion.
Due to the automated nature of computer aided
design techniques, it would seem that the investigation of valve fatigue failures could be
expedited by using a compressor simulation
program which utilizes the finite element method
to model valve structural behavior.
By employing computer graphics techniques in a
program such as this, the highly automated and
economical. investigations could be performed on a
variety of contemplated valve design configurations. Such a design method would reduce the
amount of time and effort normally required for
eliminating fatigue problems associated with
compressor valves.
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FIGURE 1.

Finite element mesh used for the beam valve example
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FIGURE 4.

Finite element mesh used for the ring valve example
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Finite element results for the rinq valve example -- second symmetrical mode

301

